Indirect exchange coupling in magnetic multilayers, also known as the Ruderman-Kittel-KasuyaYosida (RKKY) interaction, is known to be highly effective in controlling the interlayer alignment of the magnetization. This coupling is typically fixed at the stage of the multilayer fabrication and does not allow ex-situ control needed for device applications. It is highly desirable, in addition to the orientational control, to also control the magnitude of the intralayer magnetization, ideally switch it on/off by switching the relevant RKKY coupling. Here we demonstrate a magnetic multilayer material, incorporating thermally-as well as field-controlled RKKY exchange, focused on to a dilute ferromagnetic alloy layer and driving it though its Curie transition. Such on/off magnetization switching of a thin ferromagnet, performed repeatably and fully reproducibly within a low-field sweep, results in a giant magnetocaloric effect, with the estimated isothermal entropy change of ∆S ≈ −10 mJ cm −3 K −1 under an external field of ∼10 mT, which greatly exceeds the performance of the best rare-earth based materials used in the adiabatic-demagnetization refrigeration systems.
Advances in the field of nanostructuring of magnetic materials have led to a number of important research discoveries with subsequent device demonstrations, such as the giant and tunneling magnetoresistance in thin-film multilayers (sensors in magnetic storage, memory elements, rf oscillators, etc.) [1] [2] [3] , perpendicular magnetic anisotropy in thin film particles (high-density storage elements down to ∼10 nm in lateral size) 4, 5 , fast-moving domain walls in magnetic nanowires (domain-wall racetrack memory) 6, 7 , magnetic meta-materials (arrays of nano-objects; magnonic crystals, artificial spin ice, etc.) 8, 9 , exotic spin-vortex states in single and stacked nanoparticles 10, 11 , etc. This variety of new materials and phenomena stems from reduced size effects invoked by nanostructuring the relevant surface and interface interactions, determining their magnetic properties and device functionality. The now classical example of such an interface effect is the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction in magnetic multilayers 12 . The RKKY interaction is an indirect exchange coupling oscillating in sign with ∼1 nm periodicity and rapidly decaying in magnitude as nonmagnetic spacing between two interacting magnetic interfaces is increased 13 . It has recently been shown that RKKY exchange, normally insensitive to external control, can undergo a ferromagnetic-to-antiferromagnetic transition in response to a change in temperature 14, 15 or applied electric field 16 .
Here we propose that the magnetocaloric effect (MCE), defined as an isothermal entropy change or an adiabatic temperature change under an applied magnetic field, can greatly benefit from enhancing the applied field strength by the intrinsic RKKY in the nanostructure. This is in contrast to the conventional approach of using nanostructuring for tailoring the nano-material's magnetic properties, such as the direct exchange and anisotropy, aimed at enhancing the MCE in low magnetic fields, adjusting its operating temperature, or suppressing unwanted hysteresis losses [17] [18] [19] [20] . The conventional approach often yields only minor improvements in the magnetocaloric properties, in particular due to the relatively low energy of magnetic anisotropy compared to that of thermal fluctuations near room temperature. Here, we show that field-and temperature-control of the indirect RKKY exchange, with its action pin-pointed at specific interfaces in a multilayer, can yield greatly enhanced MCE. We demonstrate a multilayer design capable of switching between different entropy states, controlled by a directional switching of RKKY under a weak applied field. The observed RKKY-driven phase transition in a thin dilute 3d-ferromagnetic alloy layer indicates a greatly enhanced isothermal entropy change per unit field, much larger than that in the rare-earth based materials with the highest MCE response (cf. Ref. 21).
RESULTS

Isothermal entropy change enhanced by RKKY exchange
Magnetic susceptibility of a ferromagnet steeply rises as one approaches its Curie temperature, T C . This leads to enhanced MCE, since an applied magnetic field effectively suppresses critical spin fluctuations associated with magnetic entropy. Such critical-point behavior can be utilized in different ways in magnetic multilayers. In particular, in a trilayer
, where a low-T C spacer (f) mediates exchange between two high-T C ferromagnets (F 1 and F 2 ), the outer ferromagnets exert a strong magnetic proximity effect on f due to the direct exchange coupling at the interfaces. In the vicinity of the spacers T C , the parallel-antiparallel switching of the magnetic moments of F 1 and F 2 has recently been predicted to yield a strong entropy change in the system (∆S ∼ −1 mJ cm
This difference in magnetic entropy between the parallel (P) and antiparallel (AP) orientations was estimated via the proximity effect on the spacer from the strongly ferromagnetic outer layers, with the contributions from the two interfaces expected to add up or cancel out in the P or AP states of the trilayer, respectively. Our extensive studies have shown, however, that the direct exchange across the spacer is too strong and never cancels out for realistic material parameters 23, 25 .
The design we propose uses indirect RKKY exchange through a thin nonmagnetic layer N incorporated at the two F/N/f interfaces, and has the following unique advantages. First, the sign and strength of the RKKY interaction are well defined by the thickness of N, even for dilute ferromagnetic alloys, due to the sharp oscillatory character of RKKY, with the period in the thickness of N of about 1 nm. This affords a great flexibility in the multilayer design in terms of matching in-phase and/or out-of-phase RKKY contributions from the opposing interfaces at a given location within the spacer. Secondly, RKKY-induced magnetic biasing can be made sufficiently strong and of variable magnitude controlled by temperature. For example, an increase of a Ni layers Curie temperature by ∼20 K has been reported on coupling to a Co layer by RKKY 26, 27 . Significantly larger changes in magnitude as well as sign of RKKY obtained by varying temperature were demonstrated for multilayers based on dilute ferromagnetic alloys 14, 15 .
Strong RKKY biasing by the outer ferromagnets, focused at a sufficiently thin weakly ferromagnetic inner spacer layer, f, is used in our design to substantially alter the magnetic order in f in the vicinity of its Curie temperature, T C,f [ Fig. 1(a,b) ]. The thickness of f should be small enough not to significantly exceed the RKKY-exchange penetration depth
(typically a few monolayers). The parallel alignment of F 1 and F 2 , with additive RKKY contributions at the inner-spacer, results in strong RKKY-exchange biasing of f, ordering it magnetically, significantly increasing its Curie temperature, T ↑↑ C,f , and quenching its magnetic entropy [ Fig. 1(b) ]. The antiparallel alignment of F 1 and F 2 , on the other hand, has the two RKKY contributions at f directed in opposition, canceling out the total RKKY exchange, which manifests as a much lower effective Curie temperature of f, T Fig. 1(a) ]. This interplay is a function of the biasing strength and, for the temperature range T ↑↓ C,f < T < T ↑↑ C,f , switching of one of the outer layers (F 1 or F 2 ) switches the RKKY and effectively drives the magnetic phase transition in f, as illustrated in Fig. 1(a,b) . Such a strong magnetic phase transition, with the RKKY exchange rather than only the applied field switched on/off, takes place at a constant temperature, yielding a greatly-enhanced isothermal entropy change. where the strength and sign of the interlayer exchange is determined by the thickness of the Cr layer, chosen during fabrication 13 . Incorporation of thin, low-T C Fe x Cr 100−x diluteferromagnetic alloy spacers within the Cr layers can make the RKKY in the system strongly temperature dependent in the desired operating range 14, 15 . Here we use this control mechanism and show how the RKKY within the spacer can be doubled or cancelled out essentially completely by a sweep of a 10 mT range external magnetic field. This results in a ferroto-paramagnetic phase transition in the dilute ferromagnetic alloy, its full demagnetization, and consequently a giant magnetocaloric effect.
The material design principle is illustrated in Fig. 1 Free layers' coercivity as probe of spacer's thermo-magnetism
The major magnetization loop of a multilayered structure described above, shown in Step (2) near zero field corresponds to switching of the free layer, returning F free and F pin to a mutually parallel orientation.
Step (3) at an intermediate negative field corresponds to switching of the thick layer within the SFM, F keg = Fe(8), which, due to the strong interlayer coupling in SFM, also switches F pin -the synthetic ferrimagnet reverses by in-phase rotation, preserving its intrinsic AP state.
Step (4) at a large negative field corresponds to F pin aligning with the field and the entire structure saturating opposite to the original direction. Since the coercive fields of all the ferromagnetic layers are well separated, with the pinned layer highly stable and temperature insensitive at low fields, this multilayer design enables probing the RKKYinduced thermo-magnetic transition within the specially designed gradient Cr/Cr-Fe/Cr spacer via the switching of F free within the minor loop, shown in orange in Fig. 2(a) .
The temperature evolution of the minor loop of F free for t f = 1 nm, shown in Fig. 2(b) , reveals the key difference between the gradient spacer, incorporating a dilute ferromagnetic alloy layer, and a reference uniform pure-Cr spacer, sp = Cr(6), Fig. 2(c) . With decreasing temperature, the minor loop for the gradient-spacer structure displays a significant increase in the positive (right) coercivity field, corresponding to the P to AP switching, H ↑↑ c , while the negative (left) coercive field, corresponding to the AP to P switching, H ↑↓ c , remains unchanged. In contrast, the positive and negative H c for the reference multilayer with a pure-Cr spacer have qualitatively the same variation with temperature, with both H c fields increasing at low temperatures, -the behavior expected for a free single magnetic film. We note this principal change of behavior of the coercivity for one specific transition -AP to P Supplementary Fig. 1 ).
For all samples, a slight field offset is present in the minor loop of F free , even when no interlayer coupling is present, such as the offset in the reference sample with uniform spacer Cr(6), Fig. 2(c) . This offset is attributed to the magnetostatic Néel coupling between the SFM and the free layer F free caused by the finite roughness of the film surface 34 (see Supplementary Note 1). This offset is same for all structures studied, indicated by the green interpolation line in the inset to Fig. 3 , which shows that its origin does not depend on the specifics of the spacer in the considered thickness range. In the following analysis, we subtract this spacer-independent offset, ∆H ms c /2, which yields the effective coercive fields, H c * = H c − ∆H ms c /2.
Experimental evidence for RKKY-induced magnetic phase transition
The temperature dependence of H c * for different thicknesses of the weakly magnetic layer are shown in Fig. 4 . We focus on the spacer properties above its bulk Curie temperature, The pronounced asymmetry in the measured coercivity of the free layer for t f = 1 nm is clearly due to the P-AP switching, designed to sum or subtract the RKKY exchange at the inner-spacer. The data suggests that with the spacer only a few atomic layers thick, the two Coercivity in polycrystalline films is known to be a thermally-activated process, where reverse-domain nucleation and propagation during the magnetization switching in the film proceeds via thermal activation out of local potential minima, with a morphologically determined characteristic activation energy 35 . Phenomenologically, the temperature dependence of the coercive field can be represented as the intrinsic coercive field reduced by thermal agitation,
where Q is the activation energy, with the associated activation temperature T a = Q/εk B , k B -the Boltzmann constant, H c0 -zero-temperature coercive field, ∆ Hc -reduction in H c at high temperatures (T ≫ T a ). The dimensionless parameter ε is a scaling factor for the effective temperature of the free layer, which is proportional to the amount of thermal magnons external to the free layer, incoming as a magnon flux the magnon factor.
Scaling factor ε in our case must depend on the mutual orientation of the outer Fe layers enclosing the gradient spacer, ε ↑↓ and ε ↑↑ for AP and P states, as that clearly results in qualitatively different H c vs T (different thermally-activated regimes). The transition into the regime dominated by thermal agitation takes place at εk B T > Q (or T > T a ), where, for a fixed Q, an increase in temperature, ideally in the vicinity of the critical point of the spacer, greatly increases the number of thermal magnons available for agitation for the magnetization switching in the free layer. As a result, at T ≤ T a , the free layer coercivity is expected to show a strong temperature dependence, while at T > T a , thermal activation due to the 'external' magnon flux from the spacer is maximized and H c levels off. Equation (1) is a good approximation for temperatures sufficiently far from the Curie temperature of the strong ferromagnets, which is the case for our multilayers. Thus, T free C ≈ 800 K for NiFe, so the change in the 'intrinsic' magnon number in the free layer can be neglected at the operating temperature range near or below room temperature.
The temperature dependence of H ↑↓ c * and H ↑↑ c * are well fitted by equation (1) in the entire measurement range, as shown by the solid lines in Fig. 4 . The activation energy, Q, generally is a function of the local morphology and magnetic anisotropy profiles in the material and, to first order, should be temperature independent. Taking Q as constant, the ratio of the effective temperatures can be extracted from the two fits through the magnon factor, ε ↑↓ /ε ↑↑ ≈ 7, indicating a 7-fold enhancement in the effective temperature of the magnon bath in our system on switching from the P to AP state at a constant temperature in the operating range, which includes room temperature. The corresponding change in the number of magnons, N inh m , taken to scale in accordance with Bloch's law 36 , is 7 3/2 or 20-fold, which is a giant change indeed for relatively low-field P-AP switching in our system. The source of this 20-fold increase in the magnon flux is the gradient spacer driven from its magnetically ordered (relatively few magnons) to fully disordered (maximum number of magnons, all Fe spins thermally agitated) by the carefully designed RKKY switching -from constructive to destructive interference at the spacer's weakly magnetic core.
A quick estimate of the actually available magnons for the above thermo-magnetic effect done by counting the atomic spins in the spacer is quite informative. The model fitting in 
Here H s corresponds to the effective exchange field, H ex = H s , acting on each layer. If one of the layers is considerably thicker (e.g., t 1 ≪ t 2 ), or when it is strongly exchange biased, equation (2) can be rewritten as J = MH s · t 1 .
Using equation (2) we can estimate the interfacial RKKY exchange constants for our When the outer ferromagnets switch from antiparallel to parallel orientation, the total RKKY-exchange biasing field of a sufficiently thin inner spacer layer f (∼ 1 nm, such that the interfacial RKKY penetrates throughout the layer) changes from near perfect cancellation to H ex × 2 ≈ 20 T, strong enough to produce a phase transition in the highly susceptible paramagnetic layer into its magnetically ordered phase. This exchange-induced process is accompanied by a large isothermal entropy change, which can be estimated using the meanfield approximation 17 :
Here (all of spacer and outer strong ferromagnets), the demonstrated exchange-enhanced MCE is 100-fold stronger than the respective Zeeman-based MCE in the same structure.
CONCLUSIONS
We demonstrate a magnetic multilayer material where indirect interlayer exchange can be switched on or off and is used to drive a specially designed dilute ferromagnetic spacer between its magnetically ordered and disordered states, which results in a giant isothermal entropy change. In its disordered state, the spacer acts as an excess magnon-bath to the free layer, greatly increasing the effective magnon temperature, reducing the free layer's coercive field used as a local probe of the thermo-magnetic transition. The indirect exchange can be toggled by external fields as small as a few milli-Tesla, determined entirely by the coercive properties of the free layer. The amplification of the effective field acting on the spacer (Zeeman into exchange) is one thousand fold, ∼10 mT to the estimated ∼20 T, which result in a commensurate entropy-per-field enhancement.
We calculate the associated isothermal entropy change of the spacer to be ∆S ≈ −10 mJ cm −3 K −1 , a value comparable to bulk magnetocaloric materials based on rare earth materials. These results showcase how indirect exchange bias can be used to achieve large magnetocaloric effects in systems of solely transition metals, without expensive and environmentally unfriendly rare earths. We believe such systems have a great potential for small to micro-sized refrigerators, heat-exchangers, cooled micro-and nano-sensors as well as low-field tunable spin-wave emitters and other novel applications, especially those dependent on drastic miniaturization. 
